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 Olive tree pruning is a renewable and low-cost precursor for activated carbons. 
 Highly microporous materials from olive tree pruning suitable for energy storage.  
 Best activation conditions were determined through statistical optimization.  














The growing environmental problems and the depletion of fossil fuels have driven 
the research towards the development of renewable energy sources and the 
technologies that make use of them. In this context appears the demand of 
renewable, abundant and low-cost precursors as an alternative to traditional fossil 
sources. Activated carbons are materials with a great variety of applications 
which can be obtained from lignocellulosic wastes. This work evaluates the 
valorization of olive tree pruning (OTP) through the production of highly 
microporous carbons with KOH. A statistical optimization study was performed 
and the effect of the impregnation ratio, temperature and activation time on the 
developed surface area was studied. The optimum activation conditions for 
maximum porous development were: impregnation ratio of 6.38, 788.5°C and 145 
minutes. Under these conditions 3514 m2/g of surface area was generated, 
exceeding the values found in the bibliography. The sample obtained under 
optimal conditions was further characterized with SEM and FTIR and pHpzc. From 
its characteristics it was concluded that activated carbons generated from olive 
tree pruning residues using KOH are suitable for applications such as adsorption, 
EDLC electrodes and gas storage, among others. 
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Environmental sustainability implies the constant search of processes that allow 
valorization of waste. Among them, agroindustrial wastes have gained special 
attention in the last years[1]. Lignocellulosic residues can be considered as 
potentially sustainable precursors in different fields[2, 3]. These residual 
biomasses can be subjected to thermal treatments to obtain different products 
of wide demand, such as activated carbons, which are materials with a highly 
developed internal porous structure, large surface area and high adsorptive 
capacity, which can be obtained from any carbon rich material[4, 5]. Important 
features of the raw materials chosen as precursors for activated carbon 
production are: low price, potential extent of its activation and also the stability 
of its supply[6]. The use of lignocellulosic residues as activated carbon 
precursors generally fulfills these conditions in addition to being renewable and 
relatively less expensive[7]. These porous materials are widely used for 
different applications such as: food purification, metal recovery, drinking water 
treatment, pollutant removal, among others[8]. The technological development 
expanded the applications of the activated carbons towards supercapacitors, 
electrodes and gas storage, which require a higher porous development and 
surface areas over 2000 m2/g[9]. These materials are called super activated 
carbons and the study of the operating conditions necessary for their synthesis 
from low cost lignocellulosic materials has gain great attention in the last years 













Olive tree pruning (OTP) is the residue generated by the olive industry as a 
result of their agricultural labors. Nowadays, about 11 million hectares are used 
for olive trees cultivation all around the world, with an annual production of 
pruning residue estimated at 3000 kg/ha[15]. Due to its low humidity content the 
degradation by aging is extremely low and the removal of this residual biomass 
is imperative to keep fields clean and to avoid plant diseases propagation. This 
residual material has good properties to produce activated carbons, one of the 
most used adsorbents and other applications, generating economic benefits 
that can eventually offset the costs of treatment and disposal. So, considering 
OTP as a byproduct of this agroindustrial activity, useful as porous materials 
precursor, has environmental and economic benefits [2, 16-18].  
There are two methods to obtain activated carbon, physical and chemical 
activation [19-21]. In chemical activation, the precursor is impregnated with a 
chemical activating agent such as ZnCl2, H3PO4, KOH, H2SO4 and NaOH, 
followed by carbonization[22, 23]. Among chemical activating agents, KOH is 
generally preferred since it is less aggressive to the environment than other 
agents, such as H3PO4 and ZnCl2, leads to higher surface area development 
and yields porous materials with an improved electrochemical performance[24, 
25]. Another advantage of using KOH is that the K2CO3 formed after the 
interaction between KOH and carbon can prevent from excessive combustion of 
the sample, resulting in high performance and well-developed internal 
porosity[26].   
According to previous studies[27] the activation process with KOH takes place 
in three steps. In the first step, potassium reacts with the carbonaceous 













network architecture. In the second stage, the steam and carbon dioxide 
produced react with the carbonaceous material at high temperatures, which is 
actually a physical activation process that contributes to carbon porosity 
development. The third step involves the diffusion of the formed metallic 
potassium towards the carbon matrix resulting in carbon lattices[28]. The 
specific activation processes are as follows: 
6 𝐾𝑂𝐻 + 2𝐶 → 2𝐾 + 3𝐻2 + 2𝐾2𝐶𝑂3 
𝐾2𝐶𝑂3 → 𝐾2𝑂 + 𝐶𝑂2 
𝐶𝑂2 + 𝐶 → 2𝐶𝑂 
𝐾2𝐶𝑂3 + 2𝐶 → 2𝐾 + 3𝐶𝑂 
𝐾2𝑂 + 𝐶 → 2𝐾 + 𝐶𝑂 
The interval in which all the reactions take place goes from 530°C to 827°C[27, 
29]. The degree of advancement of the mentioned steps depends on the 
activation temperature selected. However, the reactivity of different raw 
precursors at various experimental conditions is difficult to predict. For this 
reason, it is important to analyze different activation conditions for the 
lignocellulosic waste studied in this work. 
The preparation of carbons activated using KOH is influenced by many factors. 
Those reported in the literature as most influential are: impregnation ratio, 
temperature and activation time [30-32]. The use of an adequate experimental 
design is important to optimize the preparation conditions[33]. A conventional 
technique for the optimization of a multi-factorial system is to deal with one 













interactive effects and that can miss optimal settings of factors.  Response 
surface methodology (RSM), a method based on statistical principles, improves 
the prediction of the response in the factor space by reducing the variability of 
the estimates, and gives the optimal solution over the entire factor space. RSM 
is employed in this work as a strategy to study individual as well as interactive 
effects of the activating process parameters over activated carbons porosity. 
Significant information regarding the optimum set of levels of the activation 
process was also generated[34]. 
The aim of this work is to carry out a statistical optimization to determine the 
optimum preparation conditions of activated carbons with KOH from OTP using 
RSM based on central composite design (CCD). The effect of temperature, time 
and chemical impregnation ratio (KOH:charcoal) over the textural properties of 
the porous materials of the product were studied simultaneously. The activated 
carbons produced under the optimal conditions and any samples of design were 
characterized by their main textural properties. 
2. Materials and methods 
2.1 OTP characterization 
For the development of this study, residues of olive tree pruning (Olea 
europaea), Manzanilla variety, was used. This material, called OTP, was 
submitted to size reduction, sieved and dried at room temperature. Proximate 
analysis was performed following ASTM D 4442-92, ASTM D 1102-84 and 
ASTM E 872-82 standards for moisture, ash and volatile matter content 
respectively. Fix carbon content was obtained by difference. Ultimate analysis 













The lignocellulosic composition of the materials was determined through neutral 
detergent fiber (NDF) and acid detergent fiber (ADF) content, determined on an 
automatic ANKOM A2000, following TAPPI T22 method. The difference 
between these values established the proportion of hemicellulose, while 
cellulose concentration was obtained by difference between acid detergent fiber 
and lignin content. The thermogravimetric (TG) and derivative 
thermogravimetric (DTG) analyses were carried out on a SHIMADZU DTG-
60/60H thermal analysis instrument at a heating rate of 10°C.min-1 in N2 
atmosphere. 
2.2 Carbonization 
For activated carbons preparation the fraction of OTP particles with sizes 
comprised between 10-15 mm were used. This material was carbonized in an 
electrically heated stainless-steel reactor in the absence of oxygen. The heating 
rate was 4°C.min-1, from room temperature to a final temperature of 500 ° C, 
which was kept constant for 2 hours. Then the carbonized material was taken to 
a granulometry comprised between 5 and 1mm. 
2.3 Activation with KOH 
The charcoal produced was mixed with KOH solutions using different 
impregnation ratios (IR), which refers to the mass of impregnant with respect to 
the mass of the charcoal (equation 1). The mixture was then dehydrated in oven 
overnight at 130°C. The activation was carried out in a muffle furnace at 
different conditions, determined by the experimental design, which are shown in 
Table 2. The discharge product was cooled to room temperature, neutralized 
with a 0.5M HCl solution and washed with distilled water until a pH value 













Equation 1          𝐼𝑅 =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝐾𝑂𝐻(𝑔)
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛𝑖𝑧𝑒𝑑 𝑂𝑇𝑃(𝑔)
 
2.4 Experimental design for activated carbon preparation 
A standard design, called central composite design (CCD), was applied in this 
work to study the influence of certain preparation variables over the obtained 
activated carbons properties. The variables studied were activating 
agent:charcoal ratio, called impregnation ratio (IR) and labeled A, activation 
time (B) and temperature (C). The BET surface area, expressed in m2. g-1, was 
chosen as response variable (Y) to evaluate the effect of these three variables 
together. Table 1 show the lower and upper limits chosen for each variable, 
based on literature and preliminary studies[30, 35]. A total of 17 experimental 
runs were necessary to perform the central composite design (CCD). The order 
of the experiments was completely randomized in order to minimize effects of 
the uncontrollable factors. The response variable (ABET) was used to develop an 
empirical model.  
Optimization of variables using experimental design was performed finding the 
stationary point of the model adjusted:  
Equation 2         
2
1 1 1 1
k k k k
i i j
i i i ji ii ij
iix x xY x   

    
  
       
Which can be written in matrix form as follows: 

















Where x’ = (x1, x2,…, xk) is any point within the operating region, vector b 
contains all the coefficients of the linear part of the model (principal effects) 
matrix B contains the coefficients of interaction and purely quadratic terms    
The optimization problem for this case can be formulated as:  
Max Y(x1, x2,…, xk) 
And optimal conditions can be found as follows:  








Commercial software (Design expert 11.0.3 Inc.) was used to analyze the 
experimental results and find the optimal operating conditions. Table 2 shows 
the experimental design matrix. 
2.5 Response variable determination  
Nitrogen adsorption isotherms at 77K were determined using an ASAP 2000 - 
Micromeritics. Before the adsorption analysis the samples were outgassed at 
250°C for 12 h. The total pore and micropore volumes were obtained by the 
application of Gurvich's rule at P/P0 0.98 and Dubinin Radushkevich (w0) model, 
respectively. Surface areas were determined using BET model.   
Unlike other authors [36, 37] who calculate the yield as the ratio of activated 
carbon and carbonized material, in this case a global yield, which includes the 
carbonization and activation stages, is obtained. The yield of every 
experimental run, represented by the ratio of final weight of product to the initial 













Equation 5          𝑌(%) =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑒𝑑 𝑐𝑎𝑟𝑏𝑜𝑛
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑂𝑇𝑃
× 100 
2.6  Validation and characterization of optimum  
The validation step consisted in contrasting the experimental results against the 
values predicted by the model obtained in the experimental design analysis. 
Experimental assays under the optimum conditions were performed by triplicate 
and named QOP. Optimum conditions were 788.5°C, IR of 6.38 and 145.25 
minutes of activation. 
Fourier Transform Infrared (FTIR) Spectroscopy (Paragon 1000PC -Perkin 
Elmer) was used to qualitatively determine the available effective groups on QOP 
surface. Scanning electron microscopy (SEM) JEOL JSM-6610LV was applied 
to study the morphology and porosity of the activated carbon prepared under 
the optimum conditions.  
The point of zero charge was estimated from the pH of a concentrated 
dispersion following the method proposed by Noh and Schwarz[38]. Three 
aqueous solutions of different initial pH were prepared from a 0.01 M NaNO3, 
using 0.01 M NaOH and 0.01 M HNO3 for its regulation. The adsorbent was 
contacted with these solutions under different mass/volume ratios. The 
suspensions were placed in a shaker at room temperature for 4 days and the 
equilibrium pH was measured (HANNA HI1296). 
3. Results and discussion 
3.1 OTP and activated carbons characterization 
The results of OTP characterization can be seen in Table 3, where it is possible 













40]. OTP has high carbon with low ash content indicated that the precursor is 
suitable activated carbon production[1]. In addition, it is important to highlight 
the low content in sulphur and nitrogen, which is advantageous for 
environmental reasons[41]. Content of lignin and cellulose affect the porous 
structure of the activated carbon[42, 43], the large percentage of cellulose 
compared to lignin could generated microporous carbons from this agricultural 
residue. Figure 1 presents the thermal decomposition behavior of OTP in a N2 
flow (100 ml.min-1). The precursor weight loss as a function of pyrolysis 
temperature is measured from the thermogravimetric curves and shows that the 
pyrolysis behavior of OTP is similar to that of other lignocellulosic biomasses. It 
can be seen that the weight loss mainly occurred between 200°C and 600°C, 
with three stages. The first stage (temperature below 200°C) corresponds to the 
drying period, where water is liberated from the material. The second step 
involves the material devolatilization and it is the major step in all 
thermochemical conversion process involving biomass. It takes place at 
temperatures between 200 to 500⁰ C, where a remarkable slope of the TG 
curve is observed, corresponding to the liberation of volatile hydrocarbon from 
the decomposition of hemicellulose, cellulose and some part of lignin. For stage 
3, weight loss is not as significant as in stage 2, and it is attributed to the steady 
decomposition of the remaining heavy components mainly from lignin. In 
general, the weight losses of OTP at the range of 200–600°C are larger than 
those over 600°C because the lignin is more inclined to form char than 














The specific surface areas, pore volumes and carbon yields of activated 
carbons can be seen in table 4. As it can see the values of surface areas vary 
according to activation conditions, the values range from 800 m2/g (0.65 g of 
KOH/g carbonized OTP, 800°C and 82.5 minutes) to 3490 m2/g (7.35 g of 
KOH/g carbonized OTP, 800°C and 82.5 minutes), while the total pore volume 
ranges from 0.33 cm3/g to 1.66 cm3/g respectively. These properties depend 
strictly on the time, the temperature and the impregnation ratio, it could be said 
that there is a direct relationship between IR and surface area, by increasing the 
ratio of KOH/charcoal there is more porous development. For temperature and 
IR, it is not so easy to make a relationship, since the reactions that develop 
porosity in the material depend on the temperature. When the temperature 
exceeds 950°C, micropores rupture seems to occur, and at low temperatures 
the reactions necessary to generate vacancies in the precursor are not 
completed[44]. 
Most of the activated carbons present high percentage of micropore volume 
(see Table 4).  The yields also vary according to the conditions. The highest 
activation yield reached was 24.03%, obtained under conditions of Q3 assay, 
and the lowest one (10.67%) was obtained under Q9 conditions. These 
variations may be associated with mild and severe conditions applied in each 
experiment [35, 45-47]. It is noteworthy the highest porous development is not 
associated with lower yields, specific surface areas around 3000 m2/g (samples 
Q2 and Q8) presented yields close to 20%. This is attributed to the activation 
mechanism, which involves chemical and physical activation, and makes the 













As the mechanism is not simple and involves different mechanisms (chemical 
and physical activation) the relation between variables and results is not easy. 
This means, as mentioned in the manuscript, there is not a direct relation 
between surface area and yield.   
These results indicate that the OTP is appropriate for preparing ACs with large 
specific surface areas and very high micropore volumes, working under the 
adequate experimental conditions. Therefore, this material can be used in 
special applications that require elevated specific surfaces, such as 
supercapacitors, electrodes and gas storage[4, 9].  
3.2 Statistical analysis of the results 
Application of CCD for activated carbons production generated the following 
second order polynomial equation for the specific surface area: 
𝐴𝐵𝐸𝑇 = −1680 + 1400 × 𝐴 − 3.5 × 𝐵 + 40 × 𝐶 + 0.60 × 𝐴 × 𝐵 − 0.74 × 𝐴 ×
𝐶 − 70 × 𝐴2 + 0.03 × 𝐵2 − 0.02 × 𝐶2                     Equation 4 
The model was evaluated by its correlation coefficient R2, that was found to be 
90.26%, and R2adjusted=77.27%. These values are high enough to state the 
model fitted well the experimental data. The R2-value implies that 90.26% of the 
response variable variation is attributed to the factors influence, so 9.74% of the 
total variation is not explained by the model and are not predictable results.  
The results of the ANOVA are shown in Table 5. The purpose of this analysis is 
to investigate which operation variable significantly affects the development of 
porosity. In this case A (impregnation ratio) and C2 (temperature) have 
significant influence on surface area of ACs, with p-value lower than the level of 













represent the process has an F-value of 5.16, which implies the model is 
significant. The possibility of obtaining an F-value this large due to noise has a 
chance of only 4.28%. 
From the model it was possible to calculate the optimal values of the factors to 
maximize the surface area, which are shown in table 3. The surface area 
predicted by the model was 3536.14 m2/g. Assays under the optimum 
conditions were carried out by triplicate and an average surface area of 3514.25 
m2/g was obtained, a value only 0.6% below the one predicted, showing the 
reliability of the model obtained. The characteristics of Qop were 1.79 and 1.20 
cm3.g-1 pore volume and micropore volume respectively, with a yield of 15.53%. 
Its percentage of micropores was 67.43%. 
The significant interactions of impregnation ratio, time and temperature 
response surfaces for BET area are presented in figures 2a, 2b and 2c. The 
surface generated from temperature and impregnation ratio interaction is 
concave, which allows finding the inflection and therefore the optimal 
conditions. To have a better illustration of the effects of factors over the 
activation process, the contour diagram of the most influential factors 
(temperature and IR) is presented in figure 3. It can be noticed that the optimum 
conditions found are within the region of the highest surface areas. 
Figures 2a, 2b, 2c 
                                        Figure 3 
3.3 Optimum characterization 













Figure 4 shows the N2 adsorption-desorption isotherms for Q2, Q13, Q15 and QOP 
samples. All isotherms are type I, according to the IUPAC classification, 
characteristic of microporous materials. Similar results have been reported for 
the activated carbons made from other precursors[48]. Isotherms of samples 
Q15, Q13 and QOP present a small hysteresis loop, indicating the existence of 
mesopores. Anyway, the horizontal plateau observed in the middle range of 
P/Po suggest the preponderance of micropores over mesopores.   
Figure 4  
Micropores can be divided into ultramicropores (pores smaller than 0.7 nm) and 
supermicropores (pores sizes between 0.7–2 nm)[49, 50]. Figure 5 presents the 
pore size distribution (PSD) obtained for Qop sample. The existence of 
supermicropores makes this activated carbon suitable for its application in 
incoming technologies, such as such as double-layer electric capacitors, also 
known as supercapacitors[51]. 
Figure 5  
Table 6 shows the results of carbons obtained from different lignocellulosic 
residues activated with KOH by other authors. It can be seen that olive tree 
pruning activated carbon obtained under optimum conditions offers the highest 
surface area value. This result makes this material attractive for special 
applications which require high microporosity, as energy storage. 
 
3.3.2 Surface chemistry  
The chemical structure of OTP, carbonized OTP and activated carbon prepared 













table 8 provide information of the chemical structure and the changes in the 
functional groups. 
Figure 6  
The wide band observed around 3400 cm-1 represented the O–H stretching 
vibration in aromatic and aliphatic structure, the absorption observed at around 
2920 cm-1 can be attributed to the stretching vibration of the C–H group. A band 
at 1720 cm-1, indicative of C=O stretching vibration of nonaromatic carboxyl 
groups, appears with higher intensity in the OTP spectrum. The bands at 1626, 
1522, and 1427 cm−1 were attributed to aromatic skeleton vibrations, whereas 
the band at 1427cm−1 corresponded to the C–H asymmetric vibrations and 
deformation was also observed. Band at 1250 cm−1 can be ascribed to C-O 
stretching. FTIR analysis it can be said there is presence of surface functional 
groups containing oxygen on the QOP surface[57]. 
The point of zero charge is defined as the pH value at which the total surface 
charge is zero and it was determined through the mass titration method[65].  
Figure 7 shows the variation in pH as a function of the mass of activated carbon 
used in the suspension. 
Figure 7 
From this graphic, point zero charge of Qop was determined, showing it has basic 
properties with pHpzc of 8.62. It is well documented that high contents of carbonyl, 
pyrone, and chromenes give basic character to the materials[66]. Therefore, the 
basic character of QOP could be attributed to the presence of these groups, which 
agrees with the FTIR analysis results. The basic character of this activated 
carbon can be advantageous for several reasons. It is known that adsorption 













moisture[67]. Carbons with basic properties are much more resistant to this 
effect[68]. It has also been reported that the affinity of phenolic compounds 
increase with the basicity (hydrophobicity) of the carbon surface [69, 70]. The 
adsorption capacity of SO2 in activated carbon increases with basic surface 
groups [71]. On the other hand, these groups can contribute to the capacity of 
the material due to pseudo capacity phenomena, improve wettability, facilitate 
electronic transfer processes and increase the stability of the carbonaceous 
material[72]. This last advantage is important if activated carbons are evaluated 
as supercapacitors. 
3.3.3 Morphological properties 
The micrographs of OTP, Q2, Q13, Q15 and QOP are shown in Figure 8. 
Precursor micrograph, figure 8a, showed a smooth surface with the longitudinal 
fibers of wood clearly marked[73]. Figures 8b, 8c, 8d and 8e of Q2, Q13, Q15 and 
QOP respectively show irregular cavities that have cracks and small holes. Q2 
and Q13 present heterogeneous structures, with irregularities and holes of 
various sizes, very different to the one observed in the raw material (figure 8a). 
The change on the surface topology is notable for Q2, possibly associated to a 
higher RI applied. Images of Q15 and QOP show the generation of cavities 
uniformly distributed, which is almost perfect for QOP. All activated carbons kept 
the morphological structure of the precursor [74]. The differences observed on 
the activated carbons surfaces obtained under different conditions, showed the 
effect of the impregnation ratio, that is the interaction between carbon and 
KOH[35]. This proves that activating under optimum conditions causes the best 













treatment and the ratios of agent activating/charcoal suitable are extremely 
crucial to develop porosity. 
Figure 8a  
 




Figure 8d  
 
Figure 8e  
 
Conclusions 
A statistical optimization of olive tree pruning residues (OTP) activation, with KOH 
as activating agent, was performed using a central composite design. The 
influence of the impregnation ratio (KOH:charcoal), activation temperature and 
activation time over the surface area (BET area) was studied. The high specific 
surface areas obtained, indicating the suitability of olive tree pruning as precursor 
for the preparation of highly microporous carbons. 
An empirical model that correlated the specific surface area with the three 
variables studied was developed. From this equation the optimum conditions 
were obtained: KOH/carbon impregnation ratio: 6.38, temperature 788.5 °C and 
time 145 minutes. Validation of the model was carried out and difference between 
the predicted value and the real one was below 1%. Under the optimal operation 
conditions a highly porous carbon, with a surface area of 3514 m2/g, was 













The N2 adsorption isotherm of the activated carbon obtained under optimum 
conditions (QOP) was Type I with a small hysteresis loop, indicating the existence 
of micropores and mesopores. The pore size distribution confirmed this 
characteristic and showed that the micropores are mostly supermicropores. The 
point of zero charge (pHpzc) and FTIR analysis of Qop evidenced the basic 
character of the material. All these characteristics make this material very 
adequate for applications such as adsorbents, EDLC electrodes, dye adsorption, 
volatile organic compounds removal among others. 
These results show that olive tree pruning residue constitutes a sustainable 
source for energy storage and novel materials production. The study of the best 
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Figure 1. TG/DTA curve of OTP. 
Figure 2. Interaction effect of two independent variables on surface BET area. (a) IR 
and time; (b) IR and temperature; (c) temperature and time. 
Figure 3 Contour plot showing the simultaneous effect of temperature and 
impregnation ratio at the central point. 
Figure 4 Isotherms of Q15, Q2, Q13 and QOP 
Figure 5 Pore size distributions obtained from the N2 adsorption data at 77 K 
Figure 6 FTIR spectra for OTP, carbonized OTP and Qop 
Figure 7 Point zero charge of Qop 
Figure 8a SEM image of OTP 
 
Figure 8b SEM image of Q2 
 
Figure 8c SEM image of Q13 
 
Figure 8d SEM image of Q15 
 















































































































































































































































Factor High level (+) Low level (-) 
KOH/ charcoal (A) 6 2 
Activation time (B) 120 minutes 45 minutes 
Activation temperature (C) 950°C 650°C 











Q1 2.00 120.00 950 
Q2 4.00 82.50 800 
Q3 2.00 45.00 650 
Q4 6.00 45.00 950 
Q5 6.00 120.00 650 
Q6 6.00 45.00 650 
Q7 2.00 45.00 950 
Q8 4.00 82.50 800 
Q9 6.00 120.00 950 
Q10 2.00 120.00 650 
Q11 4.00 19.75 800 
Q12 4.00 82.50 1051 
Q13 0.65 82.50 800 
Q14 4.00 82.50 800 
Q15 7.35 82.50 800 
Q16 4.00 145.25 800 
Q17 4.00 82.50 549 
















Proximate (wt. %) Ultimate (wt. %) 
Moisture 
Volatile 
matter Ash Fixed carbon C H O N S 
6.65 77.05 3.29 13.01 48.52 6.95 42.39 0.24 1.9 
Lignocellulosic composition (wt. %) 
Cellulose Hemicellulose Lignin 
47.16 25.46 15.37 























Q1 2454.44 1.01 0.83 0.08 82.18 21.41 
Q2 2965.71 1.25 1.06 0.12 84.80 19.55 
Q3 1161.27 0.55 0.50 0.05 90.91 24.03 
Q4 2662.15 1.18 0.87 0.04 73.73 20.37 
Q5 2693.91 1.06 0.84 0.03 79.25 16.11 
Q6 2360.41 0.94 0.79 0.05 84.04 20.27 
Q7 2360.41 0.94 0.8 0.08 85.11 21.07 
Q8 2988.00 1.26 0.99 0.14 78.60 20.44 
Q9 2939.45 1.28 0.91 0.08 71.09 10.67 
Q10 1321.72 0.59 0.52 0.02 88.14 23.50 
Q11 3135.77 1.50 1.01 0.08 67.33 18.04 













Q13 800.53 0.33 0.27 0.06 81.82 23.26 
Q14 2971.65 1.60 1.09 0.03 68.13 15.86 
Q15 3490.00 1.66 1.09 0.04 65.66 14.00 
Q16 2970.24 1.61 1.08 0.03 67.08 18.82 
Q17 1533.63 0.63 0.54 0.06 85.17 23.13 
















Source Sum of Squares df Mean Square F-value p-value  
Block 5642.81 2 2821.40    
Model 9.256E+06 9 1.028E+06 6.95 0.0147 significant 
A-IR 4.583E+06 1 4.583E+06 27.54 0.0019 significant 
B-time 25448.65 1 25448.65 0.1529 0.7093  
C-Temperature 6.246E+05 1 6.246E+05 3.75 0.1008  
AB 15870.77 1 15870.77 0.0954 0.7679  
AC 3.981E+05 1 3.981E+05 2.39 0.1729  
A² 8.866E+05 1 8.866E+05 5.33 0.0604  
B² 16063.00 1 16063.00 0.0965 0.7666  
C² 2.792E+06 1 2.792E+06 16.77 0.0064 significant 
Residual 9.968E+05 5 1.664E+05    
Cor Total 1.026E+07 16     
Note: R2=90.26%   R2 adjusted=77% 















Precursor Conditions Surface 
Area (m2.g-1) 
Reference 
Olive tree pruning KOH/charcoal 6.38:1 
788°C 
145 minutes 
3514 This work 






























Table 6 Conditions and surface area values (m2/g) for activated carbons with KOH 






























2928 2915 2922 C-H 
stretching  
Alkanes [42] 
















1427 1428 - C-H 




1258 1251 1279 C-O-C 
stretching 
Ester [62] 











Table 8 Assignment of FTIR bands to OTP, carbonized OTP and Qop surface 
functional groups 
 
AC
CE
PT
ED
 M
AN
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